Autonomously folding ␤-hairpins (two-strand antiparallel ␤-sheets) have become increasingly valuable tools for probing the forces that control peptide and protein conformational preferences. We examine the effects of variations in sequence and solvent on the stability of a previously designed 12-residue peptide (1). This peptide adopts a ␤-hairpin conformation containing a two-residue loop (D-Pro-Gly) and a four-residue interstrand sidechain cluster that is observed in the natural protein GB1. We show that the conformational propensity of the loop segment plays an important role in ␤-hairpin stability by comparing 1 with D P→ N mutant 2. In addition, we show that the sidechain cluster contributes both to conformational stability and to folding cooperativity by comparing 1 with mutant 3, in which two of the four cluster residues have been changed to serine. Thermodynamic analysis suggests that the high loop-forming propensity of the D PG segment decreases the entropic cost of ␤-hairpin formation relative to the more flexible NG segment, but that the conformational rigidity of D PG may prevent optimal contacts between the sidechains of the GB1-derived cluster. The enthalpic favorability of folding in these designed ␤-hairpins suggests that they are excellent scaffolds for studying the fundamental mechanisms by which amino acid sidechains interact with one another in folded proteins.
It has recently become possible to design short peptides that adopt ␤-sheet conformations in aqueous solution (Nesloney and Kelly 1996; de Alba et al. 1997a,b; Gellman 1998; Andersen et al. 1999; Carulla et al. 2000; Serrano 2000; Cochran et al. 2001a; Searle 2001) . These model systems are valuable tools for probing the factors that determine ␤-sheet stability without interference from a specific tertiary structural context. The hairpin motif is critical for generating small, autonomously folding ␤-sheets. ␤-hairpins are common substructures within folded proteins in which two antiparallel strands are connected via a short loop Thornton 1985, 1993; Sibanda et al. 1989; Gunasekaran et al. 1997 ). There are now many reports of peptides containing 9-16 residues that fold autonomously to ␤-hairpin conformations in aqueous solution (for leading references, see Serrano 2000; Searle 2001 ). Three-stranded antiparallel ␤-sheets have been created in aqueous solution by interweaving two hairpins (Schenck and Gellman 1998; de Alba et al. 1999; Koepf et al. 1999 ; Griffiths-Jones and Searle 2000; Lopez de la Paz et al. 2001) , and a self-associating four-stranded ␤-sheet has been described (Mayo and Ilyina 1998) . Autonomously folding parallel ␤-sheet secondary structure can be generated in aqueous solution if a peptidelike diamine unit is used to connect strands via its C-termini (Fisk and Gellman 2001) . These model systems are beginning to yield insights on ␤-sheet secondary structure analogous to those that have been obtained for ␣-helical secondary structure with short, autonomously folding peptides (Chakrabartty and Baldwin 1995; Baldwin and Rose 1999; Bolin and Millhauser 1999) .
␤-hairpin model systems have been used to identify several factors that are crucial to antiparallel ␤-sheet stability, including the conformational propensity of the loop-forming segment (de Alba et al. 1997a,b; Haque and Gellman 1997; Ramírez-Alvarado et al. 1997; Syud et al. 1999 ) and sidechain-sidechain interactions between neighboring strands (Ramírez-Alvarado et al. 1996; Maynard et al. 1998; Kobayashi et al. 2000; Russell and Cochran 2000; Santiveri et al. 2000; Espinosa et al. 2001; Syud et al. 2001) . Here, we explore the stabilizing effects of loop propensity and interstrand sidechain interactions in the context of a designed ␤-hairpin that contains a hydrophobic cluster from the protein GB1. We show that altering the rigidity of the loop segment influences ␤-hairpin formation along the entire length of the strands, which highlights the cooperativity of ␤-hairpin formation in these short peptides. In addition, we show that favorable interstrand sidechain-sidechain contacts are essential for this cooperativity.
Results

Design
We have examined the effects of altering both the solvent and the peptide sequence to probe the forces that influence the stability of the ␤-hairpin conformation adopted by 1 (Scheme 1). Peptide 1 contains two five-residue strand segments (RWQYV and KFTVQ) connected via a D-Pro-Gly loop, which is a strong promoter of antiparallel ␤-sheet interactions between flanking residues (Haque et al. 1994 (Haque et al. , 1996 Haque and Gellman 1997; Ragothama et al. 1998; Stanger and Gellman 1998) . The strand segments of 1 contain four hydrophobic residues, Trp-2, Tyr-4, Phe-9, and Val-11, which have been borrowed from the C-terminal ␤-hairpin of the small protein GB1 (Gallagher et al. 1994; Gronenborn et al. 1991 ). The C-terminal fragment of GB1, residues 41-56, has been shown to form a native-like ␤-hairpin in aqueous solution (Blanco et al. 1994; . In peptide 1, as in the C-terminal ␤-hairpin of GB1, the first pair and the second pair of hydrophobic residues are arranged in i,i+2 fashion. In addition, these four residues in 1 are positioned so that they can form a nativelike cluster if the D PG segment induces the expected ␤-hairpin conformation. Previously, we have shown that 1 adopts the intended ␤-hairpin conformation in aqueous solution (Espinosa and Gellman 2000) . The folded-state population for 1 at 2°C is ∼61%.
In the present study, we have examined the effects of both conformation-stabilizing (methanol and 2,2,2-trifluoroethanol [TFE] ) and conformation-destabilizing (urea) additives on the ␤-hairpin population of 1. We have also analyzed ␤-hairpin stability in two variants of 1, peptides 2 and 3 (Scheme 1). (Our discussion of stability as a function of conditions or sequence follows the approach of others who have studied autonomously folding ␤-hairpins; when we write that one peptide is more stable than another, we mean that the ␤-hairpin population of the former is higher than the ␤-hairpin of the latter at 3°C.) Peptide 2 contains L-asparagine in place of the D-proline residue of 1. L-Asn-Gly (NG) is the most common sequence for residues i+1 and i+2 of a type IЈ ␤-turn in natural proteins of known structure (Hutchinson and Thornton 1994) , and type IЈ turns commonly form two-residue loops in ␤-hairpins of proteins Thornton 1985, 1993; Sibanda et al. 1989) . For this reason, the NG loop segment has been used in several ␤-hairpin designs (Ramírez-Alvarado et al. 1996; de Alba et al. 1997a; Maynard et al. 1998) . A previous comparison, in a different peptide context, showed that a D PG loop induces a higher ␤-hairpin population than an NG loop (Stanger and Gellman 1998; Syud et al. 1999) . Here, we provide a detailed thermodynamic comparison of D PG and NG as ␤-hairpin loops. Peptide 3 contains serine in place of the two hydrophobic residues in the C-terminal strand of 1, F9 and V11. Comparison of 1 and 3 allows us to assess the impact on ␤-hairpin stability of interstrand interactions among hydrophobic sidechains.
Peptide 1 forms a ␤-hairpin with a native-like hydrophobic sidechain cluster
As previously reported, 1 in aqueous solution at 3°C displays numerous NOEs between nonadjacent residues (Espinosa and Gellman 2000); all of these NOEs are consistent with adoption of a well-defined ␤-hairpin conformation. Figure 1A shows the characteristic C ␣ H-C ␣ H NOEs observed for 1 between W2 and V11 and between Y4 and F9. These and other NOEs involving nonadjacent residues were used as restraints for determination of the solution structure of 1 with the program DYANA (Guntert et al. 1997) . Figure  2A shows an overlay of the 10 best structures from this analysis, backbone-heavy atoms only, for residues 2-11 (the two terminal residues were highly disordered). Root mean square deviation (RMSD) among the 20 best DYANA structures is 0.58 ± 0.16 Å for backbone heavy atoms; inclusion of sidechain heavy atoms leads to an RMSD of 1.25 ± 0.22 Å. Although no hydrogen-bonding restraints were used in the DYANA calculations, most of the best structures display four interstrand C‫ס‬O-H-N hydrogen bonds, between V5 and K8 and between Q3 and T10. Figure 2B compares the best DYANA structure of 1 with the C-terminal ␤-hairpin of GB1, on which the design of 1 was based (the GB1 fragment is taken from an NMR structure of the entire protein [Gronenborn et al. 1991 ; Protein Data Bank code 2GB1]). The hydrophobic cluster residues of 1, W2, Y4, F9, and V11 correspond to residues W43, Y45, F52, and V54 of GB1; only these four sidechains are shown in Figure 2B . The two hairpins differ in that the loop segment is longer in GB1 than in 1 (DATK vs. Figure 2B that the hairpin conformation of 1 is more highly twisted than the hairpin conformation of GB1 41-56 (most ␤-sheets in proteins are twisted [Chothia 1973] ). Nevertheless, the spatial disposition of the four hydrophobic sidechains is similar in the two structures. In a flexible peptide like 1, the sidechains may explore several alternative spatial arrangements in the folded state, and the image of 1 in Figure 2B should not be interpreted to imply that there is necessarily a unique structure. The similarity between the sidechain cluster shown for 1 and that shown for the C-terminal ␤-hairpin of GB1, however, indicates that the unnatural backbone of 1 allows a native-like arrangement of sidechains.
D PG). It is evident from
␤-hairpin population analysis: Identification of a reference peptide for the fully folded state
Evaluation of sequence-stability relationships among ␤-hairpins requires the ability to estimate ␤-hairpin population in solution. A number of NMR-and CD-based approaches have been reported for ␤-hairpin population analysis (for leading references, see Gellman 1998) . We have focused on the chemical shifts of ␣-protons (␦ H␣ ) for this purpose, because these NMR parameters are known to be sensitive to secondary structure (Wishart et al. 1991 (Wishart et al. , 1992 . Because interconversion between unfolded and ␤-hairpin states of short peptides is rapid on the NMR timescale, chemical shift data represent a population-weighted average. We have used specifically designed reference peptides to provide ␦ H␣ values for the fully unfolded (␦ U ) and fully folded (␦ F ) states (Syud et al. 1999 (Syud et al. , 2001 . For 1, the unfolded reference is the diastereomer in which D-Pro is replaced by L-Pro (peptide 4); this change abolishes ␤-hairpin formation in a number of systems (Haque and Gellman 1997; Ragothama et al. 1998; Stanger and Gellman 1998) . For 4, we detect none of the interstrand NOEs observed for D-Pro diastereomer 1. Our folded reference is a cyclic peptide, 5, in which the terminal residues of 1 are linked by a second D PG segment. NMR evidence shows that a two-stranded antiparallel ␤-sheet conformation is very highly populated for 5, as required if this cyclic peptide is to represent the 100% ␤-hairpin conformation of linear peptide 1. Figure 3 summarizes the numerous NOEs observed between nonadjacent residues of 5 in aqueous solution. Figure 3A illustrates NOEs involving backbone protons (NH and/or C ␣ H); this figure includes the two i,i+1 NOEs that indicate the reverse turns between G7 NH and K8 NH and between G14 NH and R1 NH (the numbering is analogous to that of the linear peptides; the "extra" loop residues are numbered 13 [D-Pro] and 14 [Gly] ). Figure 3B shows NOEs involving sidechain protons. All of these NOEs are consistent with a twostranded ␤-sheet that is closed off at each end by a D PG loop. Figure 2C shows an overlay of the 10 best structures resulting from NOE-restrained molecular dynamics analysis of 5 with DYANA. RMSD among the 20 best structures is 0.73 ± 0.23 Å for backbone heavy atoms only and 1.58 ± 0.29 Å for all heavy atoms.
We estimated the ␤-sheet population of 5 based on the intensity of the W2 C ␣ H-V11 C ␣ H NOE, calibrated against the intraresidue C ␣ H-C ␣ H of G7. We assumed a W2 C ␣ H-V11 C ␣ H spacing of 2.32 Å in the ␤-sheet conformation, as observed for canonical antiparallel ␤-sheet in proteins. In addition, we assumed that the W2 C ␣ H-V11 C ␣ H spacing in any non-␤-sheet conformation of 5 would be too large to give rise to an NOE. This analysis indicated that the ␤-sheet conformation of 5 is 100% populated. (It was not possible to carry out an independent analysis based on the Y4 C ␣ H-F9 C ␣ H NOE of 5, because this NOE was too close to the residual water signal and the diagonal for accurate integration.)
The high population of the ␤-sheet conformation of 5 was supported by qualitative H/D (hydrogen/deuterium) exchange studies. When 5 was dissolved in D 2 O (100 mM sodium acetate at pD 3.8 [uncorrected] and 3°C), the amide protons expected to be exposed to solvent in the ␤-sheet conformation (W2, Y4, G7, F9, V11, and G14) exchanged rapidly as detected by NMR. In contrast, the amide protons of the residues expected to be engaged in cross-strand hydrogen bonds in the ␤-sheet conformation (R1, Q3, V5, K8, T10, and Q12) were all visible in the NMR spectrum after 48 h in D 2 O. (All amide proton resonances of L-Pro peptide 4 disappeared from the spectrum within 10 min of dissolution in D 2 O.) The high stability of the ␤-sheet conformation of cyclic peptide 5 implied by these NMR and H/D exchange data are consistent with our previous analysis of similar cyclic peptides containing two D PG loops (Syud et al. 1999 (Syud et al. , 2001 .
The ␤-hairpin population of 1 was estimated by interpolating ␣-proton chemical shifts (␦ H␣ ) measured for 1 between the ␦ H␣ values for the same residues in the unfolded reference peptide (L-Pro diastereomer 4) and the folded reference peptide (cyclic 5). We showed previously that not all residues of 1 are suitable for this analysis (Espinosa and Gellman 2000) . Hydrogen-bonded strand residues Q3, V5, K8, and T10 were found to be optimal for population determination, apparently because the ␣-protons of these residues are oriented toward solvent rather than toward the other strand. Results for residues that are not hydrogen bonded to the opposite strand (W2, Y4, F9, and V11) displayed large and irregular variations, which we attributed to anisotropic effects of aromatic sidechains on the opposite strand. This distinction between hydrogen-bonded and nonhydrogen-bonded strand residues in terms of folded population analysis has been documented for a different designed ␤-hairpin (Syud et al. 1999 (Syud et al. , 2001 , and the distinction may, therefore, prove to be a common feature, particularly among ␤-hairpins and ␤-sheets with sidechain clusters containing aromatic sidechains.
We estimated the ␤-hairpin population of 1 at 2°C by using summed ␦ H␣ values for Q3, V5, K8, and T10 (∑␦ H␣ (1)) and for the corresponding residues of reference peptides 4 and 5 (equation 1); this approach
follows that used by Searle et al. (1999) for a different designed ␤-hairpin. A ␤-hairpin population of 61% is deduced for 1 under these conditions. This conclusion is consistent with the results of population analysis of 1 based on the W2 C ␣ H-V11 C ␣ H NOE intensity, on the Y4 C ␣ H-F9 C ␣ H NOE intensity, or on the chemical shift difference between the diastereotopic ␣-protons of G7, as previously reported (Espinosa and Gellman 2000) . Blanco et al. (1994) used a ␦ H␣ approach to estimate that the ␤-hairpin population of the GB1 41-56 peptide is 42% populated at 5°C. (In this case, averaged ␦ H␣ values from disordered regions of protein NMR structures were used as the 0% ␤-hairpin reference, and the ␦ H␣ values from residues 41-56 in the NMR structure of the folded GB1 protein were used as the 100% reference.) This population estimate for GB1 41-56 has recently been confirmed by independent measurements (Cochran et al. 2001a ). Thus, the ␤-hairpin conformation of peptide 1 appears to be somewhat more stable than the ␤-hairpin conformation of GB1 41-56.
Effects of solvent additives on ␤-hairpin stability ␦ H␣ data for residues Q3, V5, K8, and T10 were used to monitor qualitatively the effects of additives on the stability of the ␤-hairpin conformation of 1 in solution. We selected additives that have been widely used to stabilize (methanol or TFE) or destabilize (urea) folded protein and peptide conformations. Figure 4 summarizes the effect of these additives on ␣-proton chemical shifts of the indicator residues; the data are presented as ⌬␦ H␣ ‫ס‬ ␦ H␣ (1) − ␦ H␣ (4), where L-Pro diastereomer 4 in the appropriate solvent represents the fully unfolded state of 1. (⌬␦ H␣ values are usually calculated by using unfolded ␦ H␣ data obtained from short peptides or from statistical analysis of NMR protein structures [Wishart et al. 1991 [Wishart et al. , 1992 ; use of a specific reference peptide like 4 should be more accurate because this approach accounts for local sequence effects. No NOEs between non-adjacent residues are observed for 4 in mixed water-alcohol solvents, indicating that 4 remains a good reference for the unfolded state in these solvents.) Also shown are ⌬␦ H␣ ‫ס‬ ␦ H␣ (5) − ␦ H␣ (4) data for the appropriate residues of cyclic peptide 5 in water, which approximates the fully folded state of 1 in water.
The ⌬␦ H␣ data in Figure 4 for alcohol additives were obtained in 50% (v/v) methanol and in 30% (v/v) TFE. Incremental addition of methanol to an aqueous solution of , and for the same residues of cyclic peptide 5 (dotted bars, no additive). In each case, the reference data for 4 were obtained in the appropriate solvent system. 1 led to an increase in ␤-hairpin population, which appeared to reach a maximum at 40-50% (v/v) methanol based on NMR and CD measurements. These observations are consistent with prior reports of ␤-hairpin stabilization by alcohol cosolvents and a plateau in ␤-hairpin population near 1:1 water:cosolvent (Blanco et al. 1994; Searle et al. 1995; Ramírez-Alvarado et al. 1996; Maynard et al. 1998; Sharman and Searle 1998) . Similar effects of alcohol cosolvents have been observed for ␣-helix formation by short peptides, and Luo and Baldwin (1997) have concluded that maximal ␣-helix populations detected in 40-50% (v/v) aqueous TFE do not necessarily correspond to 100% helix formation. In light of this conclusion for ␣-helices, it seems possible that the maximum extent of ␤-hairpin formation in cosolvent titrations may not represent 100% ␤-hairpin population. To probe this possibility in our system, we used ⌬␦ H␣ data for 1 in 50% (v/v) methanol to represent the fully folded state in the calculation of ␤-hairpin population for 1 in aqueous solution (equation 1). The resulting population (77%) is significantly higher than the population calculated when ⌬␦ H␣ data for cyclic peptide 5 in water are used to represent the fully folded state of 1 (61%). The population obtained using ⌬␦ H␣ data for 5 is consistent with the average of two independent C ␣ H-C ␣ H NOE measurements (Espinosa and Gellman 2000) ; therefore, the higher population deduced for 1 in water when 1 in 50% (v/v) methanol is assumed to be fully folded suggests that this assumption may not be correct. We have recently observed comparable behavior for a different linear ␤-hairpin-forming peptide (Syud et al. 2001) , i.e., use of ⌬␦ H␣ data for a cosolvent-stabilized state of the linear peptide to represent the fully folded state in water implied significantly higher ␤-hairpin population than did use of ⌬␦ H␣ data from a cyclic peptide in water to represent the fully folded state of the linear peptide in water. These results suggest that care should be taken when using NMR data for a linear peptide in a mixed solvent to represent the fully folded state of that peptide in water.
The data in Figure 4 show that addition of 6 M urea causes a decrease in ␤-hairpin population for 1. This observation is consistent with the denaturing effects exerted by urea on many other peptides and proteins. Analysis via equation 1 suggests 43% ␤-hairpin population for 1 in 6 M urea at 3°C, which suggests that the denaturant has only a modest effect on the stability of this ␤-hairpin. Maynard et al. (1998) have reported a similar resistance to urea-induced unfolding by a different designed ␤-hairpin.
Effect of loop sequence: Thermodynamic differences between ␤-hairpins with D PG and NG loops
NMR data show that 2 displays a significant population of the expected ␤-hairpin conformation, with a two-residue loop at NG in aqueous solution. Figure 5 summarizes NOEs between nonadjacent residues observed for 2. Figure 5A shows NOEs between backbone protons (NH and/or C ␣ H; selected ROESY data are shown in Figure 1B) . Both of the C ␣ H-C ␣ H NOEs, consistent with the expected ␤-hairpin conformation, W2-V11 and Y4-F9, are observed, as is an NH-NH NOE between V5 and K8. In addition, a set of sequential NH-NH NOEs is observed around the expected loop segment (V5-N6, N6-G7, and G7-K8). Figure 5B summarizes nonadjacent NOEs involving protons on sidechains. Numerous interstand NOEs are observed, and all are consistent with a well-defined ␤-hairpin conformation. The nonadjacent residue NOEs and the sequential NOEs along the turn segment (a total of 22) were used as restraints for molecular dynamics with DYANA. Figure 2D shows an overlay of the 10 best structures from this analysis, backbone atoms only, residues 2-11. RMSD among the 20 best structures for these residues was 1.13 ± 0.39 Å for backbone heavy atoms only and 2.09 ± 0.48 Å for all heavy atoms. Figure 6 compares ⌬␦ H␣ data for the nonterminal strand residues of 1 and 2 in aqueous solution at 3°C. The unfolded reference ␦ H␣ values were obtained from L-Pro peptide 4. These data suggest qualitatively that the ␤-hairpin population of NG peptide 2 is smaller than the ␤-hairpin population of D PG peptide 1. ␤-Sheet secondary structure is generally indicated by ⌬␦ H␣ > +0.1 (Wishart et al. 1992) , and six of the eight strand residues of 1 meet this criterion. For F9 and V11 of 1, ⌬␦ H␣ < 0, which we attribute to the magnetic anisotropy of nearby sidechains of W2 and Y4 in the ␤-hairpin conformation. For both of these residues, ⌬␦ H␣ is closer to zero for 2 than for 1.
Quantitative analysis confirms that the ␤-hairpin population is lower for 2 than for 1. Analysis based on ␦ H␣ data for indicator residues Q3, V5, K8, and T10 of 2 using equation 1 (␦ U values from L-Pro peptide 4 and ␦ F values from cyclic peptide 5) suggests 41% ␤-hairpin population at 2°C for NG peptide 2. This conclusion is in excellent agreement with population determinations based on the intensities of the W2 C ␣ H-V11 C ␣ H NOE (39%) and the Y4 C ␣ H-F9 C ␣ H NOE (45%). Recall that the ␤-hairpin of D PG peptide 1 is ∼61% populated under these conditions. The observation that changing D-Pro to Asn exerts a consistent effect on ␤-hairpin population, as indicated by multiple parameters, supports our conclusion that ␤-hairpin formation in both 1 and 2 is cooperative.
We have previously used a nonlinear fitting method developed by Searle et al. (1999) to carry out van't Hoff thermodynamic analysis of ␤-hairpin formation by 1, based on changes in ∑⌬␦ H␣ for the indicator residues as a function of temperature (Espinosa and Gellman 2000) . This approach has now been applied to 2. Figure 7 shows that the ⌬␦ H␣ values of three of the four indicator residues decrease in a consistent manner over the temperature range (2°-42°C), which suggests that 2 displays two-state behavior (fully unfolded vs. fully folded), as previously shown for 1 (Espinosa and Gellman 2000) . (V5 could not be used to quantify the population of 2, because this residue is followed by proline in the reference peptides but by asparagine in 2; proline exerts unique conformational effects on immediately preceding residues [MacArthur and Thornton 1991].) Figure 8 shows ∑⌬␦ H␣ for both 1 and 2, along with the theoretical curves derived from fitting method of Searle et al. (1999) . Table 1 summarizes the deduced thermodynamic parameters for ␤-hairpin formation by 2 at 25°C and provides the corresponding data for 1. In both peptides, ␤-hairpin formation is enthalphically favored and entropically disfavored at 25°C, although the balance between these two factors differs between the D PG and NG loops.
Importance of the hydrophobic sidechain cluster to ␤-hairpin stability
We assessed the contribution of interstrand sidechainsidechain interactions among the four residues corresponding to the hydrophobic cluster in GB1 by comparing 1 with double mutant 3, in which F9 and V11 have been replaced by serine. Serine was chosen because the sidechain is so short that contacts with sidechains on an adjacent strand are expected to provide little or no stabilization to the ␤-hairpin conformation. In addition, serine is reported to have a high ␤-sheet propensity in an edge strand, i.e., a strand that forms ␤-sheet interactions to only one side (Minor and Kim 1994) ; therefore, replacement of Phe and Val residues in 1 by Ser Sources of ␤-hairpin stability in 3 should not diminish the net ␤-sheet propensity of the strand residues.
NOE analysis indicates that 3 folds partially into a ␤-hairpin conformation, but that the ␤-hairpin population is lower for 3 than for analogs 1 and 2. C ␣ H-C ␣ H NOEs were observed between W2 and V11 and between Y4 and F9 (data in Figure 1C) , and an NH-NH NOE was observed between V5 and K8. There were too few interstrand NOEs for structure determination with DYANA. ␤-hairpin population analysis was performed based on the intensities W2 C ␣ H-V11 C ␣ H NOE (23%) and the Y4 C ␣ H-F9 C ␣ H NOE (45%). The difference between these two values suggests that the folding of 3 does not conform to a two-state model, i.e., that the conformational ensemble experienced by this peptide may include partial ␤-hairpin conformations. This conclusion was supported by observation that ⌬␦ H␣ values for the indicator residues of 3 do not change in a coordinated way as a function of temperature (data not shown). For this reason, thermodynamic analysis of the folding of 3 was not performed.
Discussion
D-Pro-Gly vs. L-Asn-Gly as ␤-hairpin promoters
The data we have obtained for peptides 1 and 2 show that for the sequences RWQYVXGKFTVQ-NH 2 ␤-hairpin population is greater when X ‫ס‬ D-Pro than when X ‫ס‬ LAsn. This finding appears to represent a general trend, because we earlier observed similar behavior for a different designed ␤-hairpin series, RYVEVXGOKILQ-NH 2 (O ‫ס‬ ornithine) (Stanger and Gellman 1998; Syud et al. 1999) . Cochran et al. (2001b) have made comparable observations with yet another set of ␤-hairpins.
We have compared van't Hoff thermodynamic parameters for ␤-hairpin formation by 1 and 2 to elucidate the difference in structure-promoting effects between D PG and NG (Table 1) . One must be cautious when trying to interpret net thermodynamic parameters for a folding process in terms of detailed molecular phenomena. Nevertheless, we note that the observation that ⌬S at 25°C for ␤-hairpin formation by 1 is less unfavorable than ⌬S for ␤-hairpin formation by 2 is consistent with our design premise that D PG displays a greater conformational propensity than does NG to adopt the correct local conformation for ␤-hairpin ) as a function of temperature for peptides 1 (circles) and 2 (crosses). The curves were generated via the fitting method of Searle et al. (1999) , as described in the text.
folding. Interestingly, the entropic advantage of the D PG segment is balanced to some extent by an enthalpic advantage of the NG segment. This trend may indicate that the flexible NG segment allows the strands to achieve more energetically favorable contacts with one another than does the rigid D PG segment. We return to this point below.
Role of interstrand sidechain-sidechain contacts in ␤-hairpin stabilization
The behavior of double serine mutant peptide 3 suggests that the formation of an interstrand cluster of nonpolar sidechains contributes significantly to the stability of the ␤-hairpin conformation adopted by 1. The loss of favorable interstrand sidechain-sidechain interactions in 3 relative to 1 leads not only to a decrease in ␤-hairpin population, but also to a loss of two-state behavior. Thus, cooperative ␤-hairpin folding by 1 (and 2) results from an interplay between loop and strand segments. It seems likely that the favorable interstrand interactions occur between the sidechains themselves. Interstrand backbone-backbone hydrogen bonds have been proposed to stabilize ␤-hairpin conformations relative to the unfolded state (Constantine et al. 1995) ; however, interstrand hydrogen bonding should be comparable in the ␤-hairpin conformations of 1 and 3, unless larger sidechains (Val and Phe in 1 vs. Ser in 3) affect backbone solvation.
What is the nature of the interactions among the nonpolar GB1-derived sidechains in the ␤-hairpin conformations of 1 and 2? A negative change in heat capacity is characteristic of hydrophobically favorable processes (Baldwin 1986; Murphy et al. 1990; Livingstone et al. 1991) . Thus, the observation that ⌬C p < 0 for ␤-hairpin formation by 1 and 2 is consistent with an expectation that ␤-hairpin formation allows the nonpolar sidechains on each strand to shield poorly hydrated surfaces from the aqueous solvent by contact with nonpolar sidechains on the opposite strand. However, the observation that ⌬H at 25°C is substantial and favorable for ␤-hairpin formation by 1, and even more favorable for ␤-hairpin formation by 2, suggests that dehydration of the GB1 sidechains in the ␤-hairpin conformation (i.e., a classical hydrophobic effect) is not the only contribution to ␤-hairpin stability resulting from interstrand sidechain clustering. At room temperature, the thermodynamic signature of a hydrophobically driven process (e.g., transfer of a simple hydrocarbon from aqueous solution to the pure liquid phase) is entropically favorable and enthalpically neutral, with a large negative change in heat capacity (Privalov and Gill 1989 , and references therein). Indeed, this signature has been observed by Maynard et al. (1998) for the folding of a different designed ␤-hairpin, and these investigators proposed that the hydrophobic effect was the primary driving force for folding in that case. For 1 and 2, directly favorable interactions between nonpolar sidechains on opposite strands may contribute to ␤-hairpin stability along with dehydration effects (desolvation may be viewed as an indirect benefit of sidechain-sidechain contact). The fact that three of the four GB1 sidechains are aromatic may be significant in this regard, because it has been suggested (Makhatadze and Privalov 1994 ) that aromatic hydrocarbons are more prone to intrinsically favorable interactions (e.g., dispersion) than are aliphatic hydrocarbons. GriffithsJones and Searle (2000) have reached similar conclusions regarding aromatic sidechain interactions from thermodynamic analysis of the N-terminal ␤-hairpin in a designed three-stranded ␤-sheet. The enhancement of the favorable enthalpy of ␤-hairpin formation we observe on replacing the D PG loop with NG is consistent with the idea that the GB1 sidechains engage in enthalpically favorable interstrand contacts, because the more flexible NG loop may allow sidechains on opposite strands to optimize their contact geometries.
Comparison with related studies
The ␤-hairpin formed by GB1 residues 41-56 has inspired considerable interest. This segment was the first ␤-hairpin from a natural protein shown to fold autonomously in aqueous solution, i.e., when removed from the native protein (Blanco et al. 1994 ). This peptide has been examined by at least four different research groups (Blanco et al. 1994; Muñoz et al. 1997; Honda et al. 2000; Cochran et al. 2001a) , and there has been disagreement on the extent of folding in solution. The original and most recent reports on GB1 41-56 suggest that the ␤-hairpin is ∼40% populated at low temperature in water; higher population estimates from other investigators under comparable conditions may have resulted from the incorrect assumption that ⌬C p ‫ס‬ 0 for folding. Interestingly, the extents of folding are similar when the GB1 cluster is combined with an NG loop (peptide 2) and when the GB1 cluster is in its natural context (GB1 41-56), even though the loop in GB1 (DATK) is longer and presumably more flexible. Kobayashi et al. (2000) have examined the effect on ␤-hairpin formation by GB1 41-56 of several alanine mutations. These investigators found that loss of the Tyr or Phe sidechain caused a substantial decrease in ␤-hairpin stability. Loss of the Trp sidechain caused a smaller decrease in ␤-hairpin stability, but loss of the Val sidechain had little effect. These results are consistent with our analysis of the double serine mutant of 1. Cochran et al. (2001a) have recently described a set of short ␤-hairpin-forming peptides loosely related to GB1 41-56. In some of these peptides, the DATK loop from GB1 has been replaced by two-residue loops, including GN, NG, and D PN, which are comparable to the short loops we employ in 1-3. A major innovation in the design of Cochran et al. (2001a) is the use of Trp for all four of the nonpolar sidechains (these peptides were dubbed "tryptophan zippers"). The "trpzip" ␤-hairpins display remarkable behav-ior: higher conformational stability and higher folding cooperativity than any other autonomously folding ␤-hairpin or ␤-sheet. Several conclusions from the trpzip study are complementary to conclusions reached here. For example, Cochran et al. (2001a) show that decreasing the number of Trp sidechains in the nonpolar cluster leads to a decrease in ␤-hairpin stability and folding cooperativity, which is comparable to our findings on converting two of the nonpolar sidechains to serine (1 vs. 3) . Cochran et al. (2001a) compare the thermodynamics of ␤-hairpin folding for NG and D PN turns, which is related to our comparison of NG and D PG turns (1 vs. 2). The folding of the more flexible NG trpzip peptide is less favorable entropically but more favorable enthalpically than folding of the D PN trpzip peptide (at the respective melting temperatures), and we find an analogous difference between 2 and 1 (at 25°C, Table 1 ). There are some contrasts between our results and those of Cochran et al. (2001a) . At or slightly below room temperature, the NG and D PN trpzip peptides show very similar ␤-hairpin populations, whereas our D PG peptide (1) shows substantially greater ␤-hairpin population in this temperature range than does our NG peptide (2). When Cochran et al. (2001a) replaced the tetra-Trp cluster with the GB1 cluster (Trp, Tyr, Phe, and Val) in a 12-residue trpzip peptide with a GN loop, they found no evidence of ␤-hairpin formation. The investigators therefore concluded that the native cluster "is not sufficient to maintain a significant hairpin population without additional stabilizing elements." In contrast, we observe substantial ␤-hairpin folding for 12-residue 2, which contains the native cluster and a flexible NG loop. In addition, we have recently reported that ␤-hairpin formation can be observed in a designed 20-residue peptide in which the GB1 cluster is separated by five-residue segments from a D PG loop (Espinosa et al. 2001) . The similarities and contrasts between our results and those of Cochran et al. (2001a) illustrate the value of analyzing and comparing related systems.
Conclusion
The effects of sequence variation and solvent variation on ␤-hairpin stability in peptides 1-3 provide insights on the forces that control antiparallel ␤-sheet stability in proteins and on the use of the ␤-hairpin strategy for modeling this common secondary structure. Comparisons among 1-3 in aqueous solution show that the loop segment and the interstrand clustering of sidechains both play key roles in ␤-hairpin formation, which is consistent with results of previous studies that considered both factors simultaneously. Our results show that the nonproteinogenic D PG loop is a very strong promoter of antiparallel ␤-sheet interactions between attached segments, leading to detectable ␤-hairpin formation even when interstrand sidechain-sidechain contacts are minimal (peptide 3) or when these contacts are compromised by 6 M urea. However, favorable sidechainsidechain interactions are required for propagation of ␤-sheet secondary structure beyond the loop, and the more flexible NG loop may be superior to D-Pro-containing loops in terms of allowing optimal sidechain-sidechain contacts. The strong enthalpic drive we find for folding when interstrand clusters contain multiple aromatic groups, and the contrast between our findings and the behavior of a system that lacks an aromatic cluster (Maynard et al. 1998) , suggest that ␤-hairpins may be ideal scaffolds for characterizing the fundamental mechanisms by which amino acid sidechains are attracted to one another in folded protein conformations.
Materials and methods
Materials
N-9-Fluorenylmethyloxycarbonyl amino acids were obtained from Advanced Chemtech. The arginine sidechain was protected with the 4-methoxy-2,3,6-trimethylbenzenesulfonyl group. Glutamine and asparagine were protected as the ␥-triphenylmethyl derivatives. Lysine was tert-butoxycarbonyl protected. Tyrosine, threonine, and serine were protected as t-butyl ethers. Water used for HPLC was Millipore grade. HPLC grade acetonitrile, trifluoroacetic acid (TFA), D 2 O, and d 4 -acetic acid (CD 3 CO 2 D) were obtained from Aldrich. Diisopropylethylamine (DIEA), 2-(1-H-benzotriazolyl-1-yl)-N,N,NЈ,NЈ-tetramethyluronium hexaflurophosphate (HBTU), and piperidine were purchased from Applied Biosystems. The reference used for NMR proton chemical shifts was 2,2-dimethyl-2-silapentane-5-sulfonate (DSS), which was obtained from Merck.
Peptide synthesis
All peptides were synthesized by standard solid-phase techniques with N-Fmoc amino acids on 2,4-dimethoxybenzhydrylamine resin (Rink amide resin), which provides an amide terminal group on cleavage. Couplings were performed on a 25-mole scale on a Synergy 432A solid-phase peptide synthesizer (Applied Biosystems). For each coupling step, three equivalents of amino acid were used in DMF at room temperature. The coupling reagents were HBTU and DIEA, delivered at 80 mole per cycle. Coupling times were ∼25 min. This time was doubled for couplings that are more difficult. The coupling reactions were monitored by the conductivity of the solution. Following each coupling reaction, the N-terminal Fmoc-protected amine was deprotected by treatment with 20% piperidine in DMF at room temperature. After the last residue was added, but before cleavage, the resin was rinsed with methanol and dried under a stream of nitrogen. The dried resin was transferred into a 10-mL round-bottom flask for the cleavage reaction. Peptides were cleaved from the resin by stirring for 3 h in 2 mL TFA with 100 mL thioanisol and 50 mL ethanedithiol. The resin beads were filtered off using glass wool, followed by rinsing with TFA. The TFA filtrate was concentrated to a volume of 1 mL and precipitated with 20 mL of anhydrous ether. The mixture was centrifuged to pellet the precipitate, and the ether was decanted off. The pellet was resuspended in cold ether and centrifuged again. This process was repeated three times. Millipore water was added to the tube during the final wash, and the mixture was centrifuged again. The aqueous layer, containing the crude peptide, was trans-ferred to a round-bottom flask for lyophilization. Peptides were purified by reverse-phase semipreparative HPLC using a Vydac 214TP510 C4-silica column at a flow rate of 2 mL/min. The typical solvent system was 0.1% (v/v) TFA in H 2 O (solvent A) and 80% CH 3 CN/20% H 2 O/0.1% TFA (solvent B). The chromatograms were monitored by UV at 220 and 280 nm. Peptides were purified to Ն95% purity, as indicated by analytical HPLC (Vydac 214TP54 C4-silica analytical column). Peptides were checked by mass spectroscopy with a Bruker Reflex II MALDI-TOF mass spectrometer and by the complete assignment of the NMR spectra. Solid-phase synthesis of the cyclic peptide (Kates et al. 1993) began with attachment of a glutamic acid derivative to Rink amide resin via the sidechain carboxyl group. The ␣-carboxyl of this residue had previously been protected as an allyl ester and the ␣-amino group with Fmoc. Linear chain extension proceeded in standard fashion until all 14 residues were added. At this point, the ␣-carboxyl group of the Glu was deprotected by treatment with Pd(PPh 3 ) 4 , the ␣-amino group of the last residues was deprotected with 20% piperidine in DMF, and the peptide was cyclized with O-(-7-Azabenzotriazol-1-yl)-N,N,NЈ,NЈ-tetramethyluronium hexaflurophosphate (HATU) and 1-Hydroxy-7-azabenzotriazole (HOAt). Side chain deprotection, resin cleavage and purification were performed as outlined above for linear peptides.
NMR spectroscopy
NMR spectra were acquired on either a Varian INOVA 500 or a Bruker DRX 750 spectrometer. Two different solvents were used for NMR experiments: 9:1 H 2 O:D 2 O and D 2 O buffered to pH 3.8 (uncorrected) using 100 mM CD 3 COOD. The temperature of the NMR probe was calibrated using a methanol sample. DSS was used as internal reference. Peptide concentrations for NMR experiments were 1-3 mM. 1 H spectra were recorded using 32K data points, which were zero-filled to 64K data points before Fourier transformation. Phase-sensitive COSY (Aue et al. 1976) , TOCSY (Braunschweiler and Ernst 1983) , NOESY (Jeener et al. 1979) , ROESY (Bothner-By et al. 1984) spectra were recorded by standard techniques using presaturation or the WATERGATE pulse sequence (Piotto et al. 1992 ) to suppress the water signal. The number of increments was usually 512, and each transient contained 2048 data points. All spectra were zero-filled and baselinecorrected in both dimensions. Typically, a sine-squared window function with the corresponding shift optimized for every spectrum was applied. Mixing times of 200 msec were used for NOESY and ROESY spectra. TOCSY spectra were recorded using an 80-msec MLEV spin-lock. NOE intensities were measured by integration of the H␣-H␣ NOEs characteristic of each hairpin in the ROESY spectra, taking the intraresidue H␣-H␣ Gly NOE as the reference, as previously described (Searle et al. 1995; Ramírez-Alvarado et al. 1996) .
Analytical ultracentrifugation
All peptides were shown via sedimentation equilibrium analysis to be monomeric under NMR conditions. A Beckman Optima XL-A analytical ultracentrifuge was used for the centrifugation experiments. Single-sample cells were assembled using 0.3-or 1.2-cm spacers, and each well contained 38 or 100 L of sample, respectively. Samples were referenced against a blank corresponding to the solvent without the peptide. The density of the buffer solution was determined experimentally to be 1.011 g/mL. The centrifugation cells were placed in a four-bucket rotor. A vacuum was applied, and the temperature was set to 4°C. Sedimentation was monitored at 2-h intervals until the distribution was unchanged, indicating that the samples had equilibrated. Observed molecular weights were determined from plots of (distance) 2 versus ln(absorbance) at two rotor speeds using the program Current XLA developed by Dr. D. McCaslin (University of Wisconsin-Madison Biophysics Instrumentation Facility).
Structure calculations
Medium-and long-range NOE cross peaks were qualitatively evaluated according to their intensities and classified as strong, medium, weak, and very weak and translated into upper-limit distance restraints. Pseudoatom corrections were added when necessary. angles were restricted to the range of 0°to −180°except for Gly and Asn. For those residues with 3 J H␣-NH coupling constants > 8 Hz, angles were restricted to the range −80°to −160°a s described previously (de Alba et al. 1997a) . The 3 J H␣-NH coupling constants for the inner strand residues (2-5 and 8-11) of peptides 1-5 are provided in the supplementary material (available online at www.proteinscience.org). Structures were calculated with the program DYANA (Guntert et al. 1997 ) using a modified library to include D-Pro residues.
Thermodynamic analysis
The thermodynamic analysis is based on the nonlinear fitting method described by Maynard et al. (1998) . In short, assuming a two-state model, the equilibrium constant for folding (K) is given by
where v is the fraction of the folded peptide and is related to the chemical deviation from random coil values (⌬␦ H␣ ). Therefore, v can be expressed as shown by = ͚ ⌬␦ H␣ ր͚ ⌬␦ H␣limit where ∑⌬␦ H␣ is the sum of the ␣-proton chemical shifts for the four-strand residues in hydrogen-bonded positions for the equilibrating peptides minus the analogous sum for unfolded reference 4 at the corresponding temperature, and ∑⌬␦ H␣limit is the sum of the ␣-proton chemical shifts for the same residues for the totally folded cyclic reference peptide 5 minus the analogous sum for 4. The experimental data were fitted iteratively to this final equation to determine the thermodynamic parameters. The final errors were calculated from the fitting routine.
